Abstract Fluid flow stress (FSS) is a major mechanical stress that induces bone remodeling upon orthodontic tooth movement, whereas CCN family protein 2 (CCN2) is a potent regenerator of bone defects. In this study, we initially evaluated the effect of laminar FSS on Ccn2 expression and investigated its mechanism in osteoblastic MC3T3-E1 cells. The Ccn2 expression was drastically induced by uniform FSS in an intensity dependent manner. Of note, the observed effect was inhibited by a Rho kinase inhibitor Y27632. Moreover, the inhibition of actin polymerization blocked the FSS-induced activation of Ccn2, whereas inducing Factin formation using cytochalasin D and jasplakinolide enhanced Ccn2 expression in the same cells. Finally, Factin formation was found to induce osteoblastic differentiation. In addition, activation of cyclic AMP-dependent kinase, which inhibits Rho signaling, abolished the effect of FSS. Collectively, these findings indicate the critical role of actin polymerization and Rho signaling in CCN2 induction and bone remodeling provoked by FSS.
Introduction
CCN family protein 2 (CCN2) belongs to the CCN family (Perbal and Takigawa 2005) , which is comprised of secretory proteins that contain 38 conserved cysteine residues in four distinct modules. Depending upon the cell type, this protein performs various cellular functions including the promotion of cell proliferation, chemotaxis, differentiation, adhesion, migration, extracellular matrix formation, and survival (Moussad and Brigstock 2000; Kubota and Takigawa 2007) . Recent studies have shown that Ccn2 is expressed in normal bones during development, growth, and remodeling, and treating osteoblast cultures with recombinant CCN2 enhances their proliferation and differentiation (Nishida et al. 2000; Safadi et al. 2003; Kubota and Takigawa 2011) . According to another report, the overexpression of Ccn2 in ST-2 cells increased alkaline phosphatase activity, the mRNA levels of osteocalcin and alkaline phosphatase, and mineralized nodule formation (Smerdel-Ramoya et al. 2008) . These studies have collectively demonstrated that Ccn2 is expressed in bone tissue and that its gene product exerts diverse modulatory functions on osteoblast differentiation and proliferation.
The mass and structure of bone changes in response to mechanical stimuli. It is now commonly recognized that fluid shear stress due to interstitial fluid flow through the lacuno-canalicular network after bone loading is a candidate for the major mechanical trigger affecting the behavior of osteoblasts (Burger and Klein-Nulend 1999) . We previously reported that osteoblasts and osteocytes in alveolar bone showed increased Ccn2 mRNA expression during experimental tooth movement (Yamashiro et al. 2001 ). These findings suggested that Ccn2 plays a role in the regulation of osteoblastic function during the mechanical stimulation of bone. Considering these findings together, we hypothesized that Ccn2 mRNA expression in osteocytes and osteoblasts is induced by continuous fluid shear stress (FSS) caused by orthodontic force, which might play a significant role in triggering bone remodeling (Sakai et al. 2009 ).
Recently, the actin cytoskeleton has been shown to be involved in many important cellular functions induced by mechanical stimuli in osteoblasts (Jackson et al. 2008) . Therefore, we suspected that actin cytoskeleton reorganization might also mediate mechanical stress-induced Ccn2 expression in osteoblasts.
In this study, we continuously loaded different levels of laminar fluid shear stress on an osteoblastic cell line, MC3T3-E1, to elucidate its effect on the expression of Ccn2 mRNA over time and its signal transduction pathway. Here, we show that uniform fluid shear stress induced Ccn2 expression in osteoblastic cells and that this induction was entirely dependent on the formation of actin stress fibers that eventually promoted osteoblastic differentiation.
Materials and methods
Cell culture MC3T3-E1 cells (Sudo et al. 1983) were purchased from RIKEN CELL BANK (Tsukuba, Japan) . To analyze the expression of Ccn2 mRNA in response to fluid shear stress, 8×10 5 cells were seeded onto a slide glass coated with poly-D-lysine and fibronectin and cultured in α-MEM containing 10 % fetal bovine serum (FBS) for 3 days before the fluid shear stress loading. The culture medium was substituted for that containing 0.5 % FBS 24 h before the fluid shear stress experiment. All reagents used for the signal transduction analysis were applied to the cells 30 min before the fluid shear stress loading and were maintained during the fluid flow experiment.
Reagents for signal transduction analysis Forskolin (10 μM; Sigma, St. Louis, MO) was used to induce cAMP production. Y-27632 (10 μM; Sigma) was used as a specific ROCK inhibitor. Cytochalasin D (10 μM; Calbiochem, San Diego, CA) and latrunculin A (10 μM; Calbiochem) were used to inhibit F-actin formation. Jasplakinolide (10, 50, or 200 nM; Molecular Probes, Eugene, OR) was used to accelerate actin polymerization.
Induction of fluid shear stress MC3T3-E1 cells were subjected to fluid flow in a flow chamber connected to a flow apparatus (Frangos et al. 1985) . The cells were exposed to a defined laminar shear stress of 1.25 Pa for the specified time, as monitored by a flow meter (L-500CCM-D, Alicat Scientific Inc., Tucson, AZ). This level of shear stress is within the predicted physiological range (Weinbaum et al. 1994) . The control cells were maintained in the same flow chamber without fluid flow.
RT-PCR analysis The expression of Ccn2 mRNA was detected and analyzed by quantitative real-time RT-PCR. Total RNA was isolated from the cells with ISOGEN (Nippon Gene, Tokyo, Japan) according to the manufacturer's instruction. Total RNA was reverse transcribed with M-MLV reverse transcriptase (Invitrogen, Rockville, MD) for 50 min at 42°C. For quantitative real-time PCR, each synthesized cDNA was analyzed using the LightCycler system (Roche, Mannheim, Germany). The FastStart DNA Master SYBR Green I Kit (Roche) was employed. The oligonucleotide primers used for Ccn2, alkaline phosphatase (alp), osteocalcin (oc) and glyceraldehyde 3 phosphate dehydrogenase (g3pdh) were as follows: 5'-AGAAG GGCAAAAAGTGCATCCG-3' (forward) and 5'-GC CATGTCTCCGTACATCTTCCTG-3' (reverse) for Ccn2; 5'-GCTGATCAT TCCCACGTTTT-3' (forward) and 5'-CTGGGCCTGGTAGTTGTT GT-3' (reverse) for alp; 5'-AAGCAGGAGGGCAATAAGGT-3' (forward) and 5'-TTTGTAGGCGGTCTTCAAGC-3' (reverse) for oc; and 5'-ACCACAGTCCATGCC ATCA-3' (forward) and 5'-TCCACCACCCTGTTGCTGTA-3' (reverse) for g3pdh, respectively. After the denaturation at 95°C for 10 min, the reaction was carried out under the following conditions: one cycle at 95°C for 30 s and 35 cycles of 95°C for 15 s/60°C for 5 s/72°C for 10 s with a single fluorescence detection point at the end of the relevant annealing or extension segment. Thereafter, one cycle of melting curve analysis was performed to confirm the integrity of the analysis.
Cytochemical After FSS, the cells were washed in phosphate buffered-saline (PBS), fixed in 4 % paraformaldehyde in PBS for 15 min, and permeabilized for 5 min in PBS containing 0.15 % Triton X-100 at 37°C, before being washed twice with PBS. To prevent nonspecific interactions, we immersed the specimens in a blocking solution of 1 % bovine serum albumin (BSA) in PBS for 2 h. Thereafter, the cells were incubated with Alexa 594-phalloidin (Molecular Probes) for 30 min to visualize F-actin and then were washed three times with PBS.
Fluorescent images Images of the MC3T3-E1 cells were obtained with an inverted Olympus IX 70 microscope, using a 100×(NA1.4) objective lens (Olympus, Tokyo, Japan). Images of the cells were recorded with a 1024×1024 Hamamatsu CCD camera controlled by Aquacosmos software (Hamamatsu photonics, Hamamatsu, Japan) for the quantification of the cytochemical data.
Statistical analysis The data represent the mean ± SD calculated from three to four independent experiments. Unless otherwise specified, differences were analyzed by the Student's t-test using StatView software (SAS Institute Inc., Cary, NC). Differences between the data from "No Flow" and "Flow" groups were analyzed by two way ANOVA. The significance of differences was accepted at p<0.05.
Results
CCN2 response to continuous fluid shear stress in osteoblastic cells A recent study described that basal Ccn2 expression was strongly repressed by long term exposure to laminar fluid flow stress in human umbilical vein endothelial cells (HUVEC) (Cicha et al. 2008 ). In osteoblastic MC3T3-E1 cells, the basal Ccn2 expression level was quite low, and Ccn2 mRNA was undetectable in steady cultures. However, the application of continuous 1.25 Pa laminar fluid shear stress to MC3T3-E1 cells produced a rapid increase in the expression of Ccn2 mRNA. The expression of Ccn2 mRNA was significantly increased within an hour of flow application, peaked at 2 h at >10-fold higher than the control (Fig.1a) . Furthermore, Ccn2 mRNA expression was increased in an intensity-dependent manner by a fluid shear stress of 0.75-1.75 Pa, when it was applied for 2 h (Fig. 1b) .
The role of ROCK in Ccn2 mRNA induction in response to fluid shear stress Previous studies have shown that Rho proteins are involved in the regulation of Ccn2 induction by LPA (Hahn et al. 2000) . Suspecting a similar regulatory mechanism, we evaluated the effect of Y-27632, an inhibitor of the Rho-associated kinase ROCK, on the effect of laminar FSS on Ccn2 expression in MC3T3-E1 cells. As a result, we found that Y-27632 reduced both steady state and FSSinduced Ccn2 mRNA expression, indicating that the RhoA-ROCK pathway is involved in the regulation of Ccn2 gene expression by FSS in osteoblastic cells (Fig. 1c) .
Differential effect of latrunculin A and cytochalasin D on actin stress fiber formation and Ccn2 expression in MC3T3-E1 cells It is known that the activation of Rho signaling induces actin polymerization, which eventually increases Ccn2 expression (Hahn et al. 2000; Woods et al. 2009 ). In order to elucidate whether actin polymerization directly mediated the FSS-induced increase in Ccn2 mRNA expression, we pretreated MC3T3-E1 cells with latrunculin A that inhibits F-actin formation (Xu et al. 2010) . In fact, in latrunculin A treated cells, the formation of actin stress fibers by FSS was significantly inhibited (Fig. 2a) . As expected, latrunculin A repressed basal Ccn2 mRNA expression in the control cell culture with no flow, as well as the flow-induced Ccn2 mRNA expression (Fig. 2b) .
In contrast to latrunculin A, cytochalasin D causes the formation of atypical actin stress fibers (Ott et al. 2003) . Indeed, in cytochalasin D treated cells, irregular, thick, and short actin stress fibers were observed (Fig. 2a) . Under the same conditions without FSS, strong induction of Ccn2 occurred (Fig. 2c ). Considering these findings together, FSS-induced Ccn2 expression is mediated by actin polymerization events.
Induction of Ccn2 expression and osteoblastic differentiation by actin polymerization induced by jasplakinolide Next, we evaluated the effect of forced F-actin formation on Ccn2 expression in the same cells. As shown in Fig. 3a , a large number of stress fibers were formed when MC3T3-E1 cells were treated with jasplakinolide ( Fig. 3a, b) (Woods et al. 2009 ). At the same time, Jasplakinolide remarkably increased Ccn2 expression (Fig. 3c) . Since CCN2 is known to promote osteoblastic differentiation, we subsequently evaluated the effect of stress fiber formation on the osteoblastic phenotype. As shown in Fig. 4 , jasplakinolide strongly provoked alp expression representing early osteoblastic differentiation, whereas induction of a marker for late osteoblastic differentiation, oc, was not statistically significant. These results indicate that actin polymerization is sufficient to enhance Ccn2 expression and osteoblastic phenotype in MC3T3-E1 cells.
Role of cAMP in the Ccn2 mRNA response to fluid shear stress It is reported that the cAMP pathway, one of the major intracellular signal transduction cascades, regulates osteoblastic function and metabolism (Wong 1979) . Moreover, cAMP-mediated regulation of Ccn2 was indicated in human renal fibroblasts (Heusinger-Ribeiro et al. 2001) . Therefore, we investigated the effects of this second messenger of intracellular signal transduction on the Ccn2 mRNA response to FSS. The adenylate cyclase activator forskolin (10 μM) did not show significant effects on Ccn2 mRNA expression in the no-flow control. However, it completely inhibited the flow-induced Ccn2 response (Fig. 5a ). These findings suggest that the Ccn2 mRNA response to FSS is negatively regulated by the intracellular cAMP level. Next, in order to determine whether cAMP is located upstream to regulate actin polymerization, or not, effects of forskolin on the jasplakinolideinduced F-actin formation was evaluated. The results showing no F-actin accumulation by jasplakinolide in the presence of forskolin (Fig. 5b) clearly indicate that F-actin formation is under the negative regulation by cAMP.
Discussion
Recently, much attention has focused on the regenerative function of CCN2. CCN2 promotes the proliferation and differentiation of endothelial cells, fibroblasts, chondrocytes, and osteoblasts. Moreover, recent reports have demonstrated that the local application of CCN2 promoted the regeneration of bone as well as articular cartilage in vivo (Kubota and Takigawa 2011) . Of note, we also reported that experimental tooth movement increased the expression of Ccn2 mRNA in osteocytes and osteoblasts around the periodontal ligament, and intense expression of Ccn2 extended to osteocytes situated deep in the alveolar bone matrix far from the periodontal ligament (Yamashiro et al. 2001 ). These findings strongly suggest that CCN2 expression induced by orthodontic force plays a significant role in alveolar bone remodeling.
To mimic the events occurring on the bone-forming side of the moving tooth, we employed the osteoblastic cell line, a b c Ccn2 expression levels (%) Ccn2 expression levels (%)
Ccn2 expression levels (%) Fig. 1 Induction of ccn2 expression in osteoblastic MC3T3-E1 cells by FSS loading. a MC3T3-E1 cells were exposed to 1.25 Pa fluid shear stress, and Ccn2 mRNA expression was quantified over time by real time RT-PCR. Relative expression levels were computed by standardizing the data against those observed at 2 h with FSS (100 %). The mean and SD from 3 slides are given for each time point. The solid circles and squares denote the results obtained with and without FSS, respectively. **significant effect confirmed by comparing the flow treated and no flow control at each time point; p<0.01. b MC3T3-E1 cells were exposed to indicated fluid shear stress for 2 h and then were analyzed as described for panel a. Relative expression levels were computed by standardizing the data against those observed with FSS at 1.25 Pa (100 %). The mean and SD from 3 slides are given for each stress intensity. * significant effect confirmed by comparing the flow treated and no flow control at each time point; p<0.05. c Effect of Y27632, a Rho GTPase inhibitor, on the Ccn2-induction by FSS. The results are represented as percentages of the Ccn2 mRNA expression observed after FSS exposure for 2 h, against those induced by FSS without the drug (0100). The mean and SD values from 3 slides are displayed. *significant effect of Y27632 treatment; p<0.05
MC3T3-E1 cells; exposed these cells to fluid shear stress; and examined the mechanism of Ccn2 expression in response to mechanical stress in vitro. We showed for the first time that continuous fluid shear stress immediately increased Ccn2 mRNA expression in the osteoblastic cell line in a dose dependent manner. A recent report demonstrated a positive effect of applying pulsatile stress at 1 Hz on Ccn2 expression in osteoblastic cells (Thi et al. 2007 ). This type of stress loading is a good model of the physiological stress loaded upon teeth during mastication, whereas our continuous FSS model represents orthodontic stress in the bone generating area. Therefore, our present study clearly indicates a critical role of orthodontic force in supplying the CCN2 that promotes bone regeneration. Recently, the actin cytoskeleton was found to be associated with mechanotransduction in a variety of cells (Myers et al. 2007; Fu et al. 2008; Li et al. 2008) . Previous reports have indicated that the small GTPase RhoA plays a pivotal Ccn2 expression levels (%) Ccn2 expression levels (%) Each column indicates the mean, and the SD is shown as an error bar. All experiments were performed three times with independent samples. *significant differences between the data indicated by brackets; p<0.05; **p<0.01. c MC3T3-E1 cells were pretreated with Cytochalasin D (10 μM). After 2 h of FSS loading, Ccn2 mRNA expression was analyzed. The results are shown as percentages of the Ccn2 mRNA expression noted in the flow experiments without the drug (0100). Each column and error bar indicates the mean and SD values computed from the results of three independent experiments, respectively. *significant difference from the control without Cytochalasin D. **p<0.01. No significant difference was estimated between the Cytochalasin D-treated cells by ANOVA role in mechanotransduction in osteoblasts. We have also confirmed that FSS-induced Ccn2 mRNA expression was inhibited by the Rho-kinase inhibitor Y-27632, suggesting the contribution of Rho signaling to the Ccn2 induction. The involvement of Rho signaling in Ccn2 regulation has been described in several types of cells. Interestingly, it was reported that Ccn2 expression was strongly repressed by the long-term exposure of HUVEC to laminar FSS, which was also mediated by Rho signaling. The apparent discrepancy between the results obtained with HUVEC and MC3T3-E1cells can be explained from two viewpoints. First, these two types of cells possess fundamentally different backgrounds with different basal Ccn2 expression levels. Second, our evaluation was performed over a time course of 4 h, while the HUVEC were exposed to laminar flow stress for 18 h. Since we observed a decline in Ccn2 expression after 2 h, a further reduction would be anticipated at 18 h. Probably, not only the laminar flow per se, but also the switch from no flow to flow may be a critical factor to induce maximal and durable induction of Ccn2 in osteoblasts. In this context, repeated FSS loaded at a very low frequency may be the optimal conditions for maximizing CCN2 production by osteoblasts. Rho signaling provokes a number of intracellular events. Thus, to determine whether the observed Ccn2 induction was principally caused by the RhoA-dependent actin a b c
Ccn2 expression levels (%) (0100). Each column and error bar represents the results from three independent experiments. ALP and OC denote alkaline phosphatase and osteocalcin, respectively. *significant difference from the data indicated by the bracket; p<0.05 reorganization events, we initially used 2 reagents with different effects. Both latrunculin A and cytochalasin D disrupt normal actin stress fibers; however, their actions on actin polymerization are different. G-actin subunits assemble into long filamentous polymers entitled F-actin. Latrunculin A affects the polymerization of pure actin in vitro via the formation of an equimolar complex between latrunculin A and G-actin (Coue et al. 1987) . On the other hand, cytochalasin D "caps" actin filaments by binding to the plus (faster-growing) end and cleaving them (Cassimeris et al. 1990) . Therefore, although this compound does not allow the formation of intact F-actin, continuous cleavage and polymerization of actin occurs in the presence of cytochalasin D, which result in the accumulation of aberrant fibers.
As a result, the latrunculin A treated cells displayed strikingly decreased Ccn2 expression concomitant with the disruption of their actin stress fibers. In contrast, the cytochalasin D treated cells showed irregular, short but aggregated thick stress fibers with maximally upregulated Ccn2 expression, even in the absence of flow stress, and no further increase was conferred by FSS. These findings together suggest that rather than the proper F-actin formation, actin polymerization process itself or a decrease in the G-actin level is essential for Ccn2 mechanoinduction in osteoblasts. Moreover, the fact that accelerated F-actin formation by jasplakinolide promotes not only Ccn2 expression, but also osteoblastic differentiation further indicates the significant role of actin polymerization in stress-induced osteogenesis. Additionally, considering that the inhibition of FSS-induced Ccn2 expression by Y27632 was partial, involvement of signaling pathways other than the ROCKmediated one is suggested therein (Fig. 6a) . In this point of view, regulation by cAMP level is particularly of note.
Considering the critical role of CCN2 in bone remodeling, this actin-mediated regulation of Ccn2 expression should be under the strict control, since bone is always loaded by mechanical stresses. In fact, it was reported that CCN2 adversely affected actin polymerization through the Rho signaling pathways (Crean et al. 2006) , which may form a negative feed back loop for CCN2 production 
CCN1
Rho/Rac F-actin Fig. 6 a Schematic representation of the mechanism of Ccn2 induction during orthodontic bone remodeling. FSS activates Rho signaling and unknown pathways to promote actin polymerization, which induces CCN2 production toward bone formation. Cyclic AMP activates inhibitory signaling against this process. b Possible molecular interplay among the CCN family members in the actin fiber-mediated regulation of CCN2 production. Arrows or T-shaped lines indicate induction or reduction of a signal and molecules, respectively. Note that a negative feed back loop for CCN2 induction is formed via CCN2 molecule itself (Fig. 6b) . Moreover, the gene expression, as well as the molecular action of CCN2 is counteracted by another CCN family member CCN3, which also promotes the Rac 1 signaling to accelerate actin reorganization (Perbal and Takigawa 2005; Sin et al. 2009 ). Of note, CCN1, another classical member of the CCN family, is also induced by actin polymerization (Hanna et al. 2009 ). This possible regulatory network for the tight regulation of the CCN2 production by multiple CCN family proteins is summarized in Fig. 6b . Fluid shear stress after bone loading, which is the principal orthodontic methodology, is known to determine the behavior of osteoblasts (Burger and Klein-Nulend 1999) . Together with our previous studies, our present results further indicate the critical involvement of CCN2 in orthodontic tooth movement and possible orthodontic utility of this factor.
